The objectives of this study were to assess the change in organic carbon (C) stocks in aboveground biomass, litter, and soil in a 50 year chronosequence of white spruce (Picea glauca (Moench) Voss) plantations established on non-regenerated fallow land in Quebec, and to determine the effects of ploughing (furrows) on these C stocks. Woody aboveground biomass was determined from dendrometric surveys and the use of allometric equations. The litter was sampled as well as the underlying soil in layers 10 cm thick down to 50 cm depth. The plantations under study were C sinks over the 50 year period, since they accumulated 75 Mg·ha -1 during this period, with the highest rate of C accumulation occurring in the woody aboveground vegetation between 10 and 35 years. The soil at 0-30 cm depth was a C source, mainly until the plantations reached 22 years of age, with an annual loss of 0.8% over 50 years. No difference was observed among the controls and site-preparation treatments. These results suggest that 22-year-old white spruce plantations, the oldest considered for the first commitment period of the Kyoto Protocol (2008)(2009)(2010)(2011)(2012), would be a small C sink (12 Mg·ha -1 ) in southeastern Quebec but would become a larger sink for subsequent commitment periods. 
Introduction
There is general consensus within the scientific community that increasing atmospheric levels of the so-called greenhouse gases (GHGs) are causing climate change and are likely to continue to do so. GHGs arise mainly from the burning of fossil fuels, deforestation and other land-use changes, and industrial processes. The ability of forests to store and sequester atmospheric carbon dioxide (CO 2 ), one of the most important GHGs, is well-known and established.
Indeed, forests represent the largest global terrestrial store of carbon (C), containing approximately 39% of global soil C and 77% of global vegetation C (Bolin et al. 2000) . Terrestrial ecosystems are both sources and sinks for C. For instance, during the 1990s, terrestrial ecosystems sequestered 22% of the C released by fossil-fuel emissions. On the other hand, land-use changes during the same period (e.g., afforestation, deforestation, agriculture, and fire) were a net source of C release to the atmosphere equivalent to approximately 34% of fossil-fuel emissions (Houghton 2002) . It is therefore obvious that forests and land use play an important role in the global C cycle and that gaining a clear understanding of this role is a vital component of attempts to understand and counteract the causes and consequences of climate change.
The first global attempt to deal with climate change was the United Nations Framework Convention on Climate Change (UNFCCC), which was agreed at the Earth Summit in Rio de Janeiro in 1992. By ratifying the Kyoto Agreement on 17 December 2002, Canada committed itself to bringing its annual CO 2 emissions for the period 2008-2012 down to 6% below the reference emission level of 1990. The Kyoto Protocol made provision for the use of C sequestration by forests as a means to achieve compliance with overall targets for reducing GHG emissions. There are two principal articles in the Kyoto Protocol under which countries may use forest sinks to offset GHG emissions. Article 3.3 specifies that the net contribution of emissions from sources and removals by sinks resulting from certain activities be used to meet a country's emission-reduction commitment. Sources and sinks are limited to those "resulting from direct humaninduced land-use change and forestry activities limited to afforestation, reforestation, and deforestation since 1990" (Intergovernmental Panel on Climate Change 2000). According to the terminology of the Kyoto Protocol, afforestation is tree planting on land that has not been forested for at least 50 years, while reforestation is tree planting on land that was forested but was converted to nonforested land before 31 December 1989. In this study, both afforestation and reforestation are referred to as afforestation. Article 3.4 refers to additional human-induced activities in the agriculture, land use change, and forestry sectors, again which have taken place since 1990, but in the case of forests applies only to those that were in existence prior to 1990, to avoid double accounting. Forest management is one of the eligible activities under Article 3.4, but its use, during the first commitment period, as a potential means to improve forest C sequestration is still under examination by Canada. So forest areas that will definitely be taken into account for the first commitment period will be plantations established on nonregenerated fallow land (<30% canopy projection) and ranging from 1 to 22 years of age. Sixty-seven percent of afforestation on private land in Canada between 1990 and 2002 occurred in Quebec (White and Kurz 2005 ) and most of it was done with white spruce (Picea glauca (Moench) Voss; Parent 2003; Thiffault et al. 2003) . Thus, an important proportion of the forest accounted for during the first commitment period of the Kyoto Protocol will consist of white spruce plantations established in Quebec on non-regenerated fallow land since 1990. Taking young plantations into account is important, since Canada's natural forests will probably be a source of C for the atmosphere in 2008-2012, since they have already been identified as a source of CO 2 in the 1990s (Kurz and Apps 1999) .
A change in land use from agriculture to forestry implies that the annual cycle of cultivating and harvesting crops is replaced by the much longer forest harvest cycle. This enables the development of a larger biomass and reduces soil disturbance. Forests store C in aboveground biomass, belowground biomass, soil, and litter (i.e., forest floor and coarse woody debris). For example, in a study conducted in 18-year-old lobolly pine (Pinus taeda L.) plantations in Tennessee, Johnson et al. (2003) showed that in less than 20 years, the ecosystem C content had tripled, primarily because of increases in tree biomass. Soil C accumulation in plantations following afforestation is highly variable, depending mainly on the depth of sampling and the chronosequence studied (Polglase et al. 2000) . Those authors, reporting results from 197 sites from around the world, estimated that in a majority of these studies, changes in soil C content are estimated to be around ±2.5% per year (or ±1.5 Mg·ha -1 ·year -1 ). Mineral-soil C content generally decreases during the first 10 years following afforestation, particularly during the first 5 years; this is followed by a recovery, slow at the beginning but faster as the stand matures. This first period of soil C decrease can vary from 3 to 35 years following afforestation of fallow land (Zak et al. 1990; Richter et al. 1999 ). This is due to the fact that in young plantations, C losses through soil respiration are greater than C inputs to soil via litterfall, and the low litterfall is due to the low production of dead biomass. The equilibrium between litterfall and forest-floor decomposition is reached at different ages depending on plantation characteristics (Wilde 1964; Compton et al. 1998) .
It is necessary to document the C budget for afforested fallow land (previously cultivated soils) in Quebec to verify the real state (sink or source) of these plantations and estimate the evolution of C storage in such ecosystems over time. The objectives of this study were to assess the temporal changes in C stocks in aboveground biomass, litter, and soil (0-30 cm depth) in white spruce plantations established on non-regenerated fallow land in the Bas Saint-Laurent region of Quebec and determine the effect of ploughing (furrows 2 m apart) on these C stocks. Two hypotheses concerning soils were tested: (1) for plantations aged 0-20 years, the soil is a C source, and (2) ploughing causes a more significant loss of soil C during the first years after afforestation.
Material and methods

Study area
The study area is located in the southeastern part of the province of Quebec in the Great Lakes -St. Lawrence Forest Region as delineated by Rowe (1972) . It corresponds to ecoregions 4fT, 4fM, and 4gT (Saucier et al. 1998) , which belong to the eastern balsam fir (Abies balsamea (L.) Mill.) -yellow birch (Betula alleghaniensis Britton) bioclimatic subdomain (Fig. 1) . The climatic and growth conditions in this subdomain are as follows: 1250-1450 degree-days above 5°C, growing-season precipitation 250-300 mm, growing-season cumulative vapour pressure deficit 1050-1350 mbar (1 mbar = 0.1 kPa), mean annual temperature 1-3°C, and annual precipitation 1000-1200 mm. These values were extracted from climate maps compiled by Noël (2002) , with long-term averages obtained from Ung et al. (2001) and the BioSim program (Régnière et al. 1995) . The growing season lasts from 150 to 160 days (Robitaille and Saucier 1996) . The topography is moderately rolling with altitudes ranging from 275 to 575 m. The parent material originates from sedimentary rocks, shales, sandstone, conglomerates, and volcanites. The most common landform features originate from glacial activity and include ground and end moraines of various thicknesses and residual material resulting from bedrock weathering. Bedrock outcrops are present but cover small areas. Soils are generally deep, well-drained loam to sandy loam, classified as orthic humo-ferric Podzols (Soil Classification Working Group 1998) or Haplorthods (Soil Survey Staff 1988) .
The chronosequence approach
Plantations were selected to be as comparable as possible, except in age. Besides being on non-regenerated fallow land larger than 1 ha in area, they had to have soils that were alike with regard to soil order (Podzols), water regime (mesic), and soil texture (sandy to sandy loam). However, type of crops previously grown remained unknown in most cases. The chronosequence studied was composed of 57 plantations distributed among seven different ages: ten 0-, ten 2-, fourteen 5-, ten 10-, five 22-, four 35-, and four 50-year-old plantations. Age 0 corresponds to the year of planting. The 35 year age class includes 34-to 37-year-old plantations, while the 50 year class includes 45-to 55-year-old plantations. The close ages at the beginning of the chronosequence (0, 2, and 5 years) were selected to verify the hypothesized short-term soil C decrease following afforestation, particularly in the case of site preparation. For the four youngest plantation ages, half of the sites were ploughed (furrows 2 m apart) before being planted, while the other half were not disturbed by preparatory ploughing (control plots). For the three oldest plantations, it was impossible to know whether or not the sites had been prepared before planting. Thus, the replication at each age and site-preparation level was five to nine plantations for ages 0, 2, 5, and 10 years, but four or five plantations for ages 22, 35, and 50 years with no site preparation. This number of replicates was chosen to reduce variability in C content from sources other than plantation age and site-preparation level, such as spatial variability. Also, for reducing variability in soil C content, an area of non-afforested fallow land was selected in the neighbourhood of each plantation and the first 20 cm of soil was sampled. This paired sample was used to underscore the afforestation effect on soil C content. All the sites were planted with 4-year-old bare-root seedlings and plantations were never thinned. Planting density of the 0-to 22-year-old plantations was 2500 seedlings per hectare, while the density of the 30-and 50-year-old plantations ranged from 2217 to 2917 seedlings per hectare, except for one plantation (5650 seedlings per hectare). The planted species was white spruce, alone or mixed with Norway spruce (Picea abies (L.) Karst), black spruce (Picea mariana (Mill.) BSP), white pine (Pinus strobus L.), red pine (Pinus resinosa Ait.), or tamarack (Larix laricina (Du Roi) K. Koch). In mixed stands, white spruce was always the dominant species (more than 75% of total density). All the measurements were made during summer 2004.
Dendrometric measurements
One plot was established per plantation. The plot location was chosen to be representative of the plantation-selection criteria. The area considered and dendrometric variables measured depended on the age of the plantation and the status of the woody vegetation (planted or not planted; Table 1 ). An electronic vernier scale was used to measure diameter at stump height (mm), whereas diameter at breast height (cm) was measured with a calliper. Height was measured with a ruler (cm; trees less than 3 m in height) or a vertex hypsometer (m; trees more than 3 m in height).
Litter and soil sampling
Herbaceous plants, dead or alive, and the L and F horizons of the forest floor were sampled with a punch (177 cm 2 ) at four random locations within each 400 m 2 plot. Samples were stored in paper bags until their arrival at the laboratory.
Two pits were dug, randomly positioned along a diagonal of the 400 m 2 plot. In each pit, soil samples were taken at every 10 cm depth down to 50 cm. For each layer, three soil samples were taken: two volumetric samples (200 cm 3 each) and one bulk sample. The H layer of the forest floor was included in the 0-10 cm sample when it was present. In the neighbouring area, on non-afforested fallow land, soils were sampled down to 20 cm with a bucket auger in three locations, after removal of the L and F parts of the organic layer. These three soil samples were composited before being analysed.
Laboratory analyses
Litter and soil samples were stored in a freezer upon arrival at the laboratory until they could be processed. Prior to analysis, litter samples were oven-dried (65°C, ≥48 h) before being weighed and ground. Soils of the volumetric cores were air-dried (≥48 h) and sieved through 2 mm mesh. Bulk density was determined as described by Federer et al. (1993) . After measurement of bulk density, subsamples of sieved soils were ground with mortar and pestle. Total C content was determined by dry combustion with a LECO CR-412 carbon analyser on all ground subsamples. Total C content was based on oven-dried mass. Total C content was presumed to equal organic C content, since sampled soils were acid Podzols; we avoided calcareous soils in the region, which are found only in some poorly drained depressions (e.g., Chabot soil series) and on clay deposits (e.g., Kamouraska soil series; Baril and Rochefort 1979) .
Estimation of total C content
For each plantation, organic C content was estimated in three compartments of the ecosystem: soil, litter, and aboveground woody vegetation. Calculation of C stocks in the soil and litter is described in Tremblay et al. (2002) . Aboveground woody vegetation biomass (anhydrous) of each tree or shrub in each plot was computed using allometric equations from the scientific literature. To predict biomass, five different equations were used, depending on plant species (Appendix A). All equations used diameter to predict biomass: diameter at stump height (DSH), diameter at 15 cm (D15), or diameter at breast height (DBH). Diameter at 15 cm was never measured, so it was estimated using the Biomass computed for each individual tree or shrub was converted to C content using conversion factors of 0.49 for deciduous species and 0.50 for coniferous species (Matthews 1993) .
Statistical analyses
Two kinds of analysis of variance were performed in this study. In the first case, a three-way repeated-measurement analysis of variance was used to determine whether mean C content of a given compartment (soil, litter, or aboveground woody vegetation) varied among plantation ages (0, 2, 5, 10, 22, 35, and 50 years) and site-preparation treatment. In this paper, only 0-10 and 0-30 cm soil layers were tested. Plantation location was used as the random level, whereas site preparation, plantation age, and the compartments were defined as fixed effects, as well as all interactions between these three factors. In this analysis, compartments were used as levels of a repeated factor. Several covariance structures were tested. The choice of the best structure of covariance was based both on Akaike's information criterion and on the likelihood ratio test between covariance structures taken two by two. In the second case, a two-way analysis of variance was used to determine if the total C content of a plantation was related to its age plantation and to site preparation. Plantation location was used as a random effect, whereas site preparation and plantation age were defined as fixed effects, as well as the interaction between these two factors. In both analyses, the soil C content at 0-20 cm depth in an adjacent piece of fallow land was used as a potential covariable. Because this covariable and the "sitepreparation" effect were never significant, and because of the presence of empty cells (there were no ploughed plantations aged 22, 35, or and 50 years), we chose to redo the statistical analyses without these two variables.
Since there was no significant correlation (p > 0.05) between the C content of the aboveground woody vegetation, litter, and soil, we used the variance component structure. We used Helmert's contrasts to determine the age of the plantation at which the C content ceased to change. Naturallog transformation was necessary to fulfil the requirements regarding normally distributed errors and homogeneity of variances. Means and their approximate confidence limits (95%) were computed on the logarithmic scale and then back-transformed using the method proposed by Végiard and Ung (1993) to reduce the bias introduced by the transformation. All tests were conducted with a probability of type I error of α = 5%. All statistical analyses were carried out using the MIXED procedure in SAS ® (SAS Institute Inc. 2003).
The C-accumulation rate (%) between two age classes was calculated with natural-log values, using the following formula
where ∆Y is the difference between two C contents (%) and "diff." is the difference between two C contents (natural log). Even though the data come from selected plantations with characteristics of interest rather than from a controlled experimental design with randomization, we use "effect", "treatment", and "control" in their broader sense, to make it easier to interpret the statistical results.
Results
The C content of the pools varied significantly as a function of plantation age, but the differences depended on the pool type (p < 0.001; Table 2 ). The mean C content of the aboveground woody vegetation increased from 1 to 97 Mg·ha -1 from ages 0 to 35 years (Fig. 2) , and stabilized from age 35 years onward ( Table 2 ). The C content at age 22 years was only half of that observed at age 50 years. The highest increase occurred between ages 10 and 35 years, with sequestration of 93 Mg C·ha -1 , corresponding to accumulation of 6.2 Mg C·ha -1 ·year -1 . The mean net sequestration rate in the aboveground woody vegetation was 1.9 Mg C·ha -1 ·year -1 during the 50 year period and 1.8 Mg C·ha -1 ·year -1 during the first 22 years.
The mean litter C content increased from 5 to 9 Mg·ha -1 between ages 0 and 35 years (Fig. 2) , and stabilized from age 35 years onward (Table 2 ). Litter C sequestration was negligible until age 22 years, but maximal between ages 22 and 35 years, with accumulation of 4 Mg·ha -1 , or relative accumulation of 70% (CI = 18%-145%). This corresponds to accumulation of 0.3 Mg C·ha -1 ·year -1 between ages 22 and 35 years. The mean net C sequestration rate in the litter was 0.06 Mg·ha -1 ·year -1 during the 50 years, and nil during the first 22 years.
The mean C content of the 0-30 cm soil layer decreased from 74 to 47 Mg·ha -1 between ages 0 and 22 years (Fig. 2) , and stabilized from age 22 years onward ( during the first 22 years. The mean C content of the 0-10 cm soil layer varied in the same manner as that of the 0-30 cm layer (data not shown). The total C content of the plantations, taking the whole 30 cm soil depth into consideration, increased from 79 to 142 Mg·ha -1 between ages 0 and 35 years ( Fig. 3 ) and stabilized from age 35 years onward (Table 3 ). The total C content at age 50 years was 1.7 times the content at age 22 years. The mean net sequestration rate over 50 years was 75 Mg C·ha -1 (1. (Fig. 4) . Ten years later, there was as much C in the aboveground woody vegetation as in the litter (4-5 Mg·ha -1 ). At age 22 years, there was as much C in the aboveground woody vegetation as in the 0-30 cm soil layer (41-50 Mg·ha -1 ). Finally, at age 50 years, there was almost twice as much C in the aboveground woody vegetation (94 Mg·ha Table 2 . Sources of variation, associated degrees of freedom of the numerator and the denominator, F values, and associated p values for carbon (C) content by compartment. Fig. 2 . Carbon (C) contents of the three compartments in a chronosequence of white spruce plantations. The solid symbols represent means that are significantly different from succeeding means (p < 0.05) and the open symbols those that are not significantly different from succeeding means. Analyses were performed on natural-log-transformed data. The figure shows adjusted back-transformed means (Mg C·ha -1 ) with their 95% confidence intervals. Means were linked using a spline interpolation method to illustrate the evolution of C stocks. The vertical line indicates the age of the oldest plantations for the first commitment period of the Kyoto Protocol (22 years).
Discussion
The results obtained in this study did not confirm the hypothesis that ploughing leads to more soil C loss during the first years following afforestation. Paul et al. (2002) reported the same result from a compilation of 204 studies for a 10 year chronosequence after plantation. Our results rather suggest that a decrease in soil C content during the first years after plantation establishment, in ploughed plantations or controls, would be caused by low soil C inputs from litterfall, owing to slow vegetation growth during this period. Also, the fact that ploughing was done on only a small proportion of the plantation area (furrows 2 m apart), instead of the entire plantation area, could explain the absence of a difference between ploughed plantations and controls.
The aboveground woody vegetation was the compartment in which most of the sequestration had occurred over 50 years. This result is in accordance with the finding of Schiffman and Johnson (1989) that most of the C sequestered during 50 years after plantation establishment was in tree biomass. However, the relative importance of the C content in the aboveground woody vegetation and soil could vary with soil type (Thorn et al. 1997 ). On poorer soils, C sequestration could be slower in vegetation and faster in the soil, owing to a lower growth rate of the vegetation and a lower decomposition rate of the organic matter. The mean aboveground biomass at ages 35 and 50 years was in the same range as that calculated with volumes derived from recent surveys in the same plantations, using white spruce wood density of 0.386 Mg organic matter·m -3 (Berry 1987 ) and a conversion factor of 1.454 to convert stem volume without bark to stem volume including bark and branches. However, the plateau observed between ages 35 and 50 years (Fig. 2) was unexpected, since white spruce should still grow after age 35 years. Berry (1987) found that for most spacing and site index classes, the mean annual increment for total biomass of white spruce in plantations reaches a maximum between ages 50 and 55 years. The mean C stock of the aboveground woody vegetation of the 50-year-old plantations in our study was lower than stocks generally observed in white spruce plantations with the same site index value (Berry 1987) . Our result may be explained by the fact that one of the four 50-year-old plantations exhibited a high mortality rate (40%) because of spruce budworm infestation, while another had a high plantation density (5650 stems·ha -1 ). The litter C content increased mainly between ages 22 and 35, and stabilized between ages 35 and 50. The lag period of 22 years before litter accumulated, and the plateau at 35 years, are difficult to interpret, since litter C content results from the growth and decline of herbaceous plants dur- Table 3 . Sources of variation, associated degrees of freedom of the numerator and denominator, F values, and associated p values for total ecosystem C content. ing canopy closure (between 10 and 22 years) and L-F layer accumulation. Vesterdal et al. (2002) and Richter et al. (1999) reported higher C sequestration, in forest floor only, for Norway spruce (9 Mg·ha -1 over 29 years) and lobolly pine (37.8 Mg·ha -1 over 40 years) plantations in Denmark and South Carolina, respectively. In the present study, only 3.2 Mg C·ha -1 was sequestered in the litter over 50 years. This could be partly due to a lower growth rate for white spruce, and thus a lower litterfall rate, under our less favourable growth conditions (a growing season of 150-160 days). Vesterdal et al. (2002) reported that litterfall offset the decrease in mineral-soil C, while Richter et al. (1999) reported that litter made the soil compartment a net C sink. However, in this study, litter input did not appear to counteract the decrease in soil C.
The hypothesis that soil is a mid-term C source following afforestation was confirmed in this study. The soil compartment showed a C decrease in the 0-10 and 0-30 cm soil layers, mainly during the first 22 years following afforestation, with or without ploughing. The soil C content ceased to decrease between plantation ages 22 and 50 and remained stable at around 23 Mg·ha -1 for the 0-10 cm layer and 50 Mg·ha -1 for the 0-30 cm layer. This decrease is in opposition to the results obtained by Bouwman and Leemans (1995) but in accordance with those of Paul et al. (2002) , Vesterdal et al. (2002) , and Richter et al. (1999) . The mean annual net rate of decrease over 50 years (-0.8% for the 0-30 cm layer) is in the same range as the rates reported in the worldwide compilation of 197 plantations (±2.5%) by Polglase et al. (2000) . However, this rate of decrease is opposite to the mean rate of increase reported for plantations older than 30 years (+0.4%) by Paul et al. (2002) . The mean rate of decrease for the 0-30 cm soil layer between ages 0 and 50 years (-40%, CI = -0.2% to -95%) is higher than the rate reported for 65 resinous plantations (-12%) by Guo and Gifford (2002) . The C decrease in the 0-10 and 0-30 cm mineral-soil layers may be explained by a litterfall rate lower than the decomposition rate of the organic matter, especially in young plantations.
It is possible that we underestimated the soil C content in the superficial mineral-soil layers because of decreasing soil density over time (Ellert et al. 2002) , leading to overestimation of the decrease in soil C. To take this bias into account and measure the evolution of the C content of a fixed "pure" mineral-soil mass rather than a fixed soil volume, the thickness of a given soil layer should be adjusted with changing density. Sample calculations show that correcting soil-layer values for a fixed mineral-soil mass would cause soil C stocks in the first 30 cm of pure mineral soil to increase by up to 10%. Correcting for changes in bulk density would not, however, change the overall result: a decrease in soil C content during the first 50 years following afforestation with white spruce.
Total plantation C storage was underestimated in this study, since root C content was not measured. In the compilation by Jenkins et al. (2003) , the root biomass : aboveground biomass ratio was constant during the entire tree life and was estimated at around 25% for spruces. Taking coarse roots into account, using this ratio would increase plantation C sequestration by 23 Mg·ha -1 in 50 years and by 10 Mg·ha -1 in 22 years, or 0.5 Mg·ha -1 ·year -1 for both periods.
In the 22-year-old plantations, the oldest ones considered for the first commitment period of the Kyoto Protocol, trees were in an active phase of growth, sequestering C in their biomass, but soil was losing C, leading to low overall C sequestration (12 Mg·ha -1 considering the first 30 cm soil layer). However, we expect that the afforestation that has taken place since 1990 will be more useful in compensating for GHG emissions for subsequent commitment periods (75 Mg C·ha -1 sequestered in 50-year-old plantations). Despite the results indicating that soil is not a C sink during the 50 years after planting, it remains an important C pool, playing a key role in the global C cycle after nonforested land is converted to forested land. Soil C is more resistant than C sequestered in the vegetation to changes produced as a result of forest management (Johnson and Curtis 2001) . C in forest products may be rapidly released into the atmosphere, whereas soil C content is more stable over time. The quality of sequestered soil C should be studied with respect to its resistance to disturbances.
Taking the three compartments into account, white spruce plantations acted as a small C sink over 22 years and an important C sink over 50 years in the eastern balsam firyellow birch subdomain. The estimated net sequestration rate is, however, imprecise because of the large confidence intervals of the back-transformed adjusted means for aboveground woody vegetation at 35 years (72-129 Mg C·ha -1 ) and 50 years (70-125 Mg C·ha -1 ). Vesterdal et al. (2002) reported a sequestration rate of 100 Mg C·ha -1 or 365 Mg CO 2 ·ha -1 for 28-to 29-year-old Picea abies plantations. This sequestration rate is 37% higher than that estimated in this study at a plantation age of 35 years (63 Mg C·ha -1 or 230 Mg CO 2 ·ha -1 ), probably because of the different tree species and more favourable growth conditions in Denmark (mean annual temperature 7.7°C and mean annual precipitation 600 mm) than in the bioclimatic subdomain in the present study (mean annual temperature 1-3°C and mean annual precipitation 1000-1200 mm).
The next step in our study will be to compare C sequestration in non-afforested fallow land with that in afforested land to estimate the net sequestration rate caused by afforestation. This information is required by the Kyoto Protocol to determine the net impact of afforestation of non-regenerated fallow land on C sequestration. Moreover, C sequestration in white spruce plantations should be documented for more acid soils such as those in the Laurentian and Canadian Shield regions. The podzolization process in these more acid soils should further increase soil C sequestration because of the higher concentration of dissolved organic C in percolating water.
Conclusion and recommendations
Afforestation of non-regenerated fallow land with white spruce, with or without ploughing (furrows 2 m apart), in the eastern balsam fir -yellow birch subdomain led to mean total net sequestration of 75 Mg C·ha -1 or 275 Mg CO 2 ·ha -1 over 50 years, corresponding to a mean rate of 1.5 Mg C·ha -1 ·year -1 or 5.5 Mg CO 2 ·ha -1 ·year -1 . These amounts would have been higher if roots and calculations for a fixed soil mass had been taken into account. The highest net C sequestration rate occurred in aboveground woody vegetation between 10 and 35 years of age. After 50 years we observed an increase of 93 Mg C·ha -1 in the aboveground woody vegetation and 4 Mg C·ha -1 (61%) in the litter (including herbaceous and L-F layers), but a decrease of 22 Mg C·ha -1 (40%) in the 0-30 cm soil layer. Consequently, soils of white spruce plantations on fallow land are a C source over 50 years.
The 22-year-old plantations, the oldest ones taken into account for the first commitment period of the Kyoto Protocol, are a small C sink (+0.5 Mg C·ha -1 ·year -1 ), since the aboveground woody vegetation was a sink (+1.8 Mg C·ha -1 ·year -1 ), the litter was neutral (remained stable), and the 0-30 cm soil layer was a source (-1.3 Mg C·ha -1 ·year -1 ). Although soil did not act as a C sink in the 50 year chronosequence studied, it remains a key compartment in the global C cycle, as a more important and stable C pool than vegetation when nonforested land is converted to forested land. Studies emphasizing soil C sequestration and the factors that influence it (e.g., climate, agricultural practices prior to planting, soil texture, species used for afforestation) are needed to ensure that this long-term CO 2 sink is maximized.
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